
Quantum logic gates 
between trapped ions

Christopher Monroe
FOCUS Center & Department of Physics
University of Michigan



N qubits controlled
coupling

Quantum Information 
and Trapped Ions

∑ ∑
= =

⋅+=
N

i

ji
N

ji

ij

i

i tgtH
1

)()(

1,

)( ˆˆ)(ˆ)(
2

1
σσσω
rrr

2-10 µm

phonons: Coulomb interaction
photons: Linear optics, cavity-QED  
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111Cd+ atomic structure
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δν ≈ (1400000 Hz/G)�δB



freq−303016377.265 (Hz)
P

ro
b

(↓
)

Bollinger, et al.,

IEEE Trans. Inst. Meas. 40, 126 (1991)

-0.001

1

0.001 Hz

0.000 0.001

0

~0.82 T
≈

“Clock” qubits: ground states of  9Be+
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Langer, et al., PRL 95, 060502 (2005)

POSTERS M01,M08,M14,M21

>10 sec coherence time observed
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MOTIONAL GATES
• Direct Phonon Coupling

• Spin-dependent Forces

PHOTONIC GATES
• Linear Optics (probabilistic)

• Cavity-QED

Entangling Gate Schemes 
for Trapped Ions
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Optical Raman transitions
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Spin-motion coupling: some math
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interaction frame; “rotating wave approximation”
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applied radiation

δ = (ω2 – ω1) − ωHF = detuning of beat note

k = k2− k1 = wavevector difference
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stationary terms arise in H at particular values of δ (for g<<ω):

〈↓,n|H0|↑,n〉 = ħg)ˆˆ(0 −+ += σσgH hδ = 0

“CARRIER”

〈↓,n−1|H0|↑,n〉 = ħg nη)ˆˆ(1

+
−++ += aagH σσηhδ = +ω

“1ST BLUE SIDEBAND”

〈↓,n+1|H+1|↑,n〉 = ħg 1+nη)ˆˆ(1 aagH −
+

+− += σσηhδ = −ω

“1ST RED SIDEBAND”

η ≡ kx0 = “Lamb-Dicke” parameter 

11 <<+nη : “Lamb-Dicke limit”
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ω ~ few MHz
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Mapping: (α|↓〉 + β|↑〉) |0〉m → |↓〉 (α|0〉m + β|1〉m)
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Mapping: (α|↓〉 + β|↑〉) |0〉m → |↓〉 (α|0〉m + β|1〉m)

•

•

•

0
1

2

•

•

•

0
1

2S1/2

P3/2

|↓〉

|↑〉

•

•

•

0
1

2

•

•

•

0
1

2S1/2

P3/2

|↓〉

|↑〉



Doppler
Cooling

Raman spectrum of single 111Cd+ ion   (3.6 MHz trap)
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L. Deslauriers et al., Phys. Rev. A 70, 043408 (2004)
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Universal Quantum Logic Gates
with Trapped Ions

Step 1 Laser cool collective motion to rest

Cirac and Zoller, Phys. Rev. Lett. 74, 4091 (1995)

n=0



Universal Quantum Logic Gates
with Trapped Ions

laser

j k

Step 2 Map jth qubit to collective motion

Cirac and Zoller, Phys. Rev. Lett. 74, 4091 (1995)



Universal Quantum Logic Gates
with Trapped Ions

laser

j k

Step 3 Flip kth qubit depending upon motion

Cirac and Zoller, Phys. Rev. Lett. 74, 4091 (1995)
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Universal Quantum Logic Gates
with Trapped Ions

laser

j k

Step 4 Remap collective motion to jth qubit 
(reverse of Step 1)

Cirac and Zoller, Phys. Rev. Lett. 74, 4091 (1995)

Net result: [|↓〉j + |↑〉j] |↓〉k → |↓〉j |↓〉k + |↑〉j|↑〉k

n=0



• CNOT between motion and spin (1 ion)
C.M., et al., Phys. Rev. Lett. 75, 4714 (1995)

• CNOT between spins of 2 ions
Schmidt-Kaler, et al., Nature 422, 408-411 (2003). 

• Entangled “W-states” between 3-8 ions
Roos, et al., Science 304, 1478 (2004)

Häffner, et al., Nature 438, 643 (2005)

Demonstrations of Cirac-Zoller ‘95 Gates

Ψ = α|↓〉|0〉m + β |↑〉|1〉m

BIG PROBLEM: during the gate (at some point), 
the state of an ion qubit and motional bus state is:

Decoherence Kills the Cat

+



Heating history in 0.6-6.0 MHz traps
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MOTIONAL GATES
• Direct Phonon Coupling

• Spin-dependent Forces

PHOTONIC GATES
• Linear Optics (probabilistic)

• Cavity-QED

Entangling Gate Schemes 
for Trapped Ions



spin-dependent force:

Force = F0|↑〉〈↑|  

BETTER: Indirect use of motion for quantum gates

νL νL±νtrap

(a) near-resonant dipole force
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(φφφφ ∝ enclosed area)

lasers at 
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Independent of initial state
but requires Lamb-Dicke limit



N=2 ions ↓↓ ⇒ ↓↓
↓↑ ⇒ eiφφφφ↓↑
↑↓ ⇒ eiφφφφ↑↓
↑↑ ⇒ ↑↑

e.g., force on stretch mode only

φ= π/2: π-phase gate
2ˆ
zH σΩ= h

Mølmer and Sørensen, PRL 82, 1835 (1999)

Solano, de Matos Filho, Zagury, PRA 59, R2539 (1999)

Milburn, Schneider, James, Fortschr. Phys. (2000)

Leibfried et al., Nature 422, 412 (2003)

Lucas, Steane, et al. (2005)

N=6 ions

Leibfried et al., Nature 438, 639-642 (2005)
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|↓↓〉 → |↓↓〉 = |↓’↓’〉

κ = linear shift

φ = nonlinear shift = 2Uddτ/ħ

++

δ δ

++

Udd = µ1µ2/r
3 = (eδ)2/r3

r

|↓↑〉 → e+iκ-iφ/2 |↓↑〉 = |↓’↑’〉
|↑↓〉 → e-iκ-iφ/2 |↑↓〉 = |↑’↓’〉
|↑↑〉 → |↑↑〉 = eiφ |↑’↑’〉

quantum phase gate

↓↓↓↓ ↑↑↑↑ ↓↓↓↓ ↑↑↑↑

Cirac & Zoller Nature 404, 579-581 (2000)

(b) spin-dependent “push” force



Poyatos, Cirac, Blatt & Zoller, PRA 54, 1532 (1996)

Garcia-Ripoll, Zoller, & Cirac, PRL 91, 157901 (2003)

∆p = 2ħk

|↑〉 |↑〉→
|e〉 |e〉→

U = |↑〉〈↑|e2iη(a+a )
†

|↑〉 |↓〉

|e〉

|↑〉 |↓〉

|e〉

π-pulse
up

π-pulse
down

two sequential π-pulses

spin-dependent impulse

(c) Impulsive spin-dependent forces



The trajectory of a normal motional 
mode of two ions in phase space 
under the influence of four photon 
kicks.  Gray curve: free evolution.  
Black curve: four impulses kick the 
trajectory in phase space, with an 
ultimate return to the free 
trajectory after ~1.08 revolutions.
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τe ∼ 3nsec|e〉

Fast version of σz phase gate 

does not require Lamb-Dicke regime!

e.g. 111Cd+

require τFS << τpulse << τe

requires ultrafast laser control



Problem with σZ gates: 

With “clock” state qubits
(no differential Zeeman shift),…

cannot realize a spin-dependent force 
(no differential AC Stark shift)

P. J. Lee, et al., Journal of Optics B 7, S371 (2005).

Solution: 

Apply spin-dependent forces in a diferent basis

Mølmer and Sørensen, PRL 82, 1835 (1999)

Solano, de Matos Filho, Zagury, PRA 59, R2539 (1999)

Milburn, Schneider, James, Fortschr. Phys. (2000)



Bichromatic coupling to sidebands
“Molmer-Sorensen gate”

uniform

illumination

|↓↑〉, |↑↓〉
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(kx0g√n+1) 2

δ
(kx0g√n) 2

−δ
+Ω = Rabi Freq =

=
(kx0g) 2

δ

(as long as kx0√n+1<< 1: “Lamb-Dicke regime”)

independent

of motion !

1+n n

1+n n

2ˆ
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Can scalable to arbitrary N

|↓↓↓···↓〉 ⇒
|↓↓↓···↓〉 + |↑↑↑···↑〉

√2

e.g., 6 ions

|3,-3〉 = |↓↓↓↓↓↓〉

|3,3〉 = |↑↑↑↑↑↑〉

|3,-1〉 = |↑↑↓↓↓↓〉 + ···

|3,1〉 = |↑↑↑↑↓↓〉 + ···

| J,Jz〉

Sackett, et al., Nature 404, 256 (2000)

N=4 ions

N=2 ions (clock qubits)
Haljan, et al, PRA 72, 062316 (2005)
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MOTIONAL GATES
• Direct Phonon Coupling

• Spin-dependent Force

PHOTONIC GATES
• Linear Optics (probabilistic)

• Cavity-QED

Entangling Gate Schemes 
for Trapped Ions
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•Strong coupling (deterministic cavity-QED)

p = η dΩ ~ 10-3

•Free space (probabilistic p<<1)

optical fiber

trapped
ions trapped
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Interfacing Trapped Ions 
and Photons



Networking distant ions

Here There

|Ψ〉 = (|↓〉1|V〉1 + |↑〉1|Η〉1)⊗(|↓〉2|V〉2 + |↑〉2|Η〉2)

1 2

D

D

coincidence 
photon
detection

upon coincidence photon detection

|Ψ|Ψ|Ψ|Ψ〉〉〉〉 ⇒⇒⇒⇒ ||||↓〉↓〉↓〉↓〉1111||||↑〉↑〉↑〉↑〉2222 −−−− ||||↑〉↑〉↑〉↑〉2222||||↓〉↓〉↓〉↓〉2222

insensitive to interferometric phase noise
insensitive to ion motion

Simon & Irvine, PRL 91, 110405 (2003)

Blinov, et al., Nature 428, 153 (2004)

Duan, et. al., QIC 4, 165 (2004)

POSTERS M04, M17, M18



Quantum networking with probabalistic entanglement

D

D D

D D

D

D

D

Quantum repeater network    Briegel et al., PRL 81, 5932 (1998)

Cluster state quantum computing   Raussendorf and Briegel, PRL 86, 910 (2001)

Duan and Raussendorf, PRL 95, 080503 (2005)



Pair entanglement rate = Rp2 ~ 1 Hz

•Free space (probabilistic p<<1)

•Optical Cavities around ions

G. Guthorlein, M. Keller, K. Hayasaka, W. Lange, and H. Walther,

“A single ion as a nanoscopic probe of an optical field”

Nature 414, 49 (2001).

Mundt, A. Kreuter, C. Becher, D. Leibfried, J. Eschner, F. Schmidt-Kaler, R. Blatt, 

“Coupling a Single Atomic Quantum Bit to a High Finesse Optical Cavity”

Phys. Rev. Lett. 89, 103001 (2002).
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Cirac, Zoller, Kimble, Mabuchi, PRL 78, 3221 (1997).

Deterministic coupling of atoms to a single-mode cavity

Cirac, Zoller, Pellizarri, PRL (1995)

Pellizarri, PRL 79, 5242 (1997)



MOTIONAL GATES
• Direct Phonon Coupling

• Spin-dependent Force

PHOTONIC GATES
• Linear Optics (probabilistic)

• Cavity-QED

Entangling Gate Schemes 
for Trapped Ions

COUPLING TO SOLID-STATE?
• superconducting
• quantum dots


